Precise regulation of cyclin-dependent kinase 5 (Cdk5), a member of the cyclin-dependent kinase family, is critical for proper neuronal development and functions. Cdk5 is activated through its association with the neuron-specific activator p35 or p39. Nonetheless, how its kinase activity is regulated in neurons is not well understood. In this study, we found that Cdk5 activity is regulated by S-nitrosylation, a post-translational modification of protein that affects a plethora of neuronal functions. S-nitrosylation of Cdk5 occurs at Cys83, which is one of the critical amino acids within the ATP-binding pocket of the kinase. Upon S-nitrosylation, Cdk5 exhibits reduced kinase activity, whereas mutation of Cys83 to Ala on Cdk5 renders the kinase refractory to such inhibition. Importantly, S-nitrosylated Cdk5 can be detected in the mouse brain, and blocking the S-nitrosylation of Cdk5 in cultured hippocampal neurons enhances dendritic growth and branching. Together, our findings reveal an important role of S-nitrosylation in regulating Cdk5 kinase activity and dendrite growth in neurons during development.
Introduction
Cyclin-dependent kinase 5 (Cdk5), a proline-directed serine/ threonine kinase, plays important roles in various aspects of neural development including neuronal migration, axon guidance, synapse development, and plasticity (Dhavan and Tsai, 2001; Cheung et al., 2006; Lai and Ip, 2009 ). Deregulation of Cdk5 activity is linked with the pathophysiological mechanisms of various neurological disorders including Alzheimer's disease and Parkinson's disease (Cruz and Tsai, 2004) . Thus, precise regulation of Cdk5 is important for normal development and functions of the nervous system. Nonetheless, the molecular mechanisms underlying the regulation of Cdk5 activity are not well understood.
Unlike other members of the cyclin-dependent kinase family, Cdk5 is not regulated by cyclins, but is activated through its association with neuronal-specific activator p35 or p39. Whereas the activity of Cdk5 in neurons is largely determined by the expression and subcellular localization of these activators , the protein level of p35 and p39 in neurons is mainly controlled by a balanced act of protein synthesis and ubiquitin-/proteasomal-dependent protein degradation. Under pathological condition, p35 or p39 undergoes calpaindependent cleavage, generating a proteolytic product, p25 or p29 (Kusakawa et al., 2000; Lee et al., 2000; Patzke and Tsai, 2002) , which deregulates Cdk5 activity through the mislocalization and mistargeting of Cdk5 to its substrates. On the other hand, phosphorylation of Cdk5 or its activators can also regulate its kinase activity Kamei et al., 2007) . For example, phosphorylation of Cdk5 at tyrosine 15 (Tyr 15) following stimulation by extracellular cues such as ephrinA-1 has been reported to enhance its kinase activity (Dhavan and Tsai, 2001; Fu et al., 2007) .
In addition to protein phosphorylation, emerging evidence has also revealed protein S-nitrosylation, a post-translational modification that involves a reversible coupling of nitric oxide (NO) to the cysteine sulfhydryls, as an important regulatory signaling mechanism (Lipton et al., 1998) . Under dynamic regulation by the NO signaling pathway, S-nitrosylation of a protein can modify its activity or function. For example, it has been reported that S-nitrosylation is important for regulating the catalytic activity of various kinases, including G protein-coupled receptor kinase 2, Akt/protein kinase B, Src kinase, inhibitory B kinase, or Ca 2ϩ /calmodulin-dependent protein kinase II (Reynaert et al., 2004; Yasukawa et al., 2005; Whalen et al., 2007; Song et al., 2008; Rahman et al., 2010) . Whereas NO signaling pathway is one of the key regulators in a wide array of neurodevelopmental processes, including neuronal differentiation, neuronal survival, and synaptic plasticity (Guix et al., 2005) , deregulation of this pathway has been implicated in the pathogenesis of neurological disorders such as Alzheimer's disease, Parkinson's disease, and stroke (Chung, 2006) .
In this study, we found that Cdk5 is S-nitrosylated at cysteine 83 (Cys83), and this modification suppresses its kinase activity. The Cdk5-C83A mutant, in which the Cys83 residue is replaced by Ala, is resistant to the NO donor-induced S-nitrosylation and, as such, renders the kinase refractory to the inhibition. Interestingly, perturbing the S-nitrosylation of Cdk5 at Cys83 enhances dendrite development in cultured hippocampal neurons, implicating a potential role of S-nitrosylated Cdk5 in the regulation of neuronal development.
Materials and Methods
Chemicals and antibodies. All chemicals were purchased from Sigma unless otherwise stated. Antibodies specific for Cdk5 (C-8 and DC-17) and p35 (C-19) antibodies were purchased from Santa Cruz Biotechnology.
Site-directed mutagenesis. Site-directed mutagenesis was performed with oligonucleotide primers that were designed to substitute the corresponding cysteine residue(s) with alanine residue(s) using the QuikChange SiteDirected Mutagenesis Kit (Stratagene).
In vitro S-nitrosylation assay. The biotin switch assay for detecting the S-nitrosylation was performed as previously described (Tsang et al., 2009) . Adult male mouse brain or HEK 293T cells overexpressing Cdk5 or its cysteine mutants were lysed in HENT buffer (250 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, 1% Triton X-100). Cell lysates were incubated with 10 mM methyl methanethiosulfonate (MMTS) (Thermo Scientific) at 50°C for 20 min, and excess MMTS was removed by passing through the G25 Sephadex spin column three times. The samples were then incubated with 5 mM ascorbate and 0.4 mM N- [6-(biotinamido) hexyl]-3-pyridyldithio)-propionamide (biotin-HPDP) (Thermo Scientific) at room temperature with rotation for 1 h. Unreacted biotin-HPDP was removed by G25 Sephadex spin column, and the biotinylated samples were then incubated with 50 l of Neutravidin-agarose (Thermo Scientific) for 1 h. Pellets were then washed five times with neutralization buffer (20 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) with 0.6 M NaCl, eluted by SDS sample buffer and subjected to Western blot analysis. Fusion protein and in vitro kinase assay. Glutathione S-transferase (GST)-recombinant proteins encoding Cdk5 or its cysteine mutant (C83A) were expressed in the Escherichia coli BL21 strain and purified using a glutathioneSepharose 4B column. In vitro Cdk5/p35 kinase assay was performed as previously described (Fu et al., 2007) . In brief, recombinant Cdk5/p35 (Invitrogen) or immunoprecipitated Cdk5/p35 was preincubated with 500 M glutathione (GSH) or S-nitrosoglutathione (GSNO) at room temperature for 30 min with shaking. The Cdk5/p35 kinase assay was then performed in the kinase buffer [20 mM 3-(Nmorpholino)-propanesulfonic acid, pH 7.4, 15 mM MgCl 2 , 100 M ATP] containing 1-2 Ci of [␥-32 P] ATP and 8 g of histone-H1 protein at 30°C for 30 min. The phosphorylated histone-H1 protein was then separated using 15% SDS-PAGE and visualized by autoradiography. The band intensity was quantified using the ImageJ software (National Institutes of Health).
Cell cultures and transfection. HEK 293T cells were cultured in DMEM (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum plus antibiotics. Primary hippocampal neurons and cortical neurons were prepared from embryonic day 18 -19 rat embryos, seeded on cultured plates coated with poly-Dlysine (50 g/ml) and maintained in Neurobasal medium supplemented with 2% B27 and 0.5 mM glutamine (Invitrogen). Hippocampal neurons at 7 days in vitro (DIV) were transfected with different plasmids plus enhanced green fluorescent protein using calcium phosphate precipitation. The morphometric analysis of neurons was performed using the ImageJ software (National Institutes of Health). Lysate of HEK 293T cells overexpressing Cdk5 was incubated with NO donor GSNO or NOC12 (GSH or depleted NOC12 as control) for 30 min, and then subjected to biotin switch assay. b, Cdk5 was S-nitrosylated in adult rat brain. Adult mouse brain lysate was subjected to the biotin switch assay in the presence of biotin-HPDP or ascorbate as indicated. The biotinylated proteins were immunoprecipitated (IP) with Neutravidin-agarose, followed by Western blot analysis for Cdk5.
Figure 2. Cys83 residue of Cdk5 is the target site for S-nitrosylation. a, Amino acid sequence of mouse Cdk5 protein. The eight cysteine residues, which are the potential S-nitrosylation sites, were denoted in red color. b, HEK 293T cells were transfected with expression constructs encoding the WT or specific cysteine mutants of Cdk5 as indicated. The cell lysate was then incubated with GSH or GSNO for 30 min and then subjected to biotin switch assay. The biotinylated proteins immunoprecipitated (IP) with Neutravidin-agarose were subjected to Western blot analysis for Cdk5.
Results

Cdk5 is S-nitrosylated in the adult mouse brain
We first determined whether Cdk5 can be S-nitrosylated by the NO donor. Cdk5 was overexpressed in HEK 293T cells, and the lysate was incubated with the NO donor GSNO or NOC12. We found that Cdk5 was readily S-nitrosylated following treatment with either GSNO or NOC12 (Fig. 1a) . Importantly, S-nitrosylated Cdk5 can be detected in the brain. Adult mouse brain lysate was subjected to the biotin switch assay in the presence or absence of ascorbate or biotin-HPDP. S-nitrosylated Cdk5 was only detected in the presence of both ascorbate and biotin-HPDP, suggesting that Cdk5 is S-nitrosylated in vivo (Fig. 1b) .
Cdk5 is S-nitrosylated at the Cys83 residue
As a first step to determine the site(s) of S-nitrosylation on Cdk5, we analyzed its amino acid sequence, which revealed eight cysteine residues (Fig. 2a) . We generated mutants of these eight residues, in which each of the cysteine residues alone or in combination was mutated to alanine. HEK 293T cells were transfected with wild-type Cdk5 (Cdk5-WT) or its cysteine mutants, and cell lysates were subsequently subjected to biotin switch assay. Treatment of the cell lysate with GSNO resulted in a robust S-nitrosylation of Cdk5-WT. In contrast, mutation of Cys83 alone essentially abolished the S-nitrosylation of Cdk5, indicating that Cys83 is the major site of S-nitrosylation (Fig. 2b) . Other cysteine mutants of Cdk5 could be S-nitrosylated to an extent similar to that observed with Cdk5-WT, consistent with the presence of only one major S-nitrosylation site on Cdk5 at Cys83 (Fig. 2b) .
S-nitrosylation of Cdk5 inhibits its kinase activity
S-nitrosylation regulates protein function primarily through modulating its interaction with the binding partner(s) or its enzymatic activity (Stroissnigg et al., 2007) . We found that neither S-nitrosylation of Cdk5 nor mutation of Cys83 on Cdk5 to alanine results in any change in the association between Cdk5 and p35 (Fig. 3a) , consistent with the observation that Cys83 is not located in the region responsible for the interaction. Interestingly, Cys83 residue is one of the amino acid residues located in the ATPbinding pocket of Cdk5, raising the interesting possibility that S-nitrosylation of Cdk5 at Cys83 may perturb the access of the kinase to ATP, resulting in suppression of its activation. To address this possibility, the effect of GSNO incubation on the activity of Cdk5/ p35 was examined using an in vitro kinase assay. Notably, recombinant Cdk5/p35 exhibited reduced kinase activity following incubation with GSNO, indicating that S-nitrosylation of Cdk5 suppresses the catalytic activity of Cdk5/p35 (ϳ70%) (Fig. 3b) . Next, we examined whether the specific S-nitrosylation of Cdk5 at Cys83 is responsible for the reduced Cdk5/p35 activity. Recombinant Cdk5-WT or its mutant Cdk5-C83A proteins were incubated with the cell lysate prepared from p35-overexpressing HEK 293T cells, followed by exposure to GSH or GSNO. The basal kinase activity of Cdk5-WT/p35 or Cdk5-C83A/p35 was similar, suggesting that Cdk5 is not S-nitrosylated under basal condition. However, exposure to GSNO reduced the kinase activity of Cdk5-WT/p35, but not that of Cdk5-C83A/p35 (Fig.  3c,d) . Similarly, treatment of cortical neurons with GSNO resulted in reduced Cdk5 activity (Fig. 3e,f ). Since a lower p35 level was observed upon treatment with GSNO (Fig. 3e) , cortical neurons were subjected to cotreatment with GSNO and a proteasome inhibitor, MG132, which prevents the degradation of p35 protein. The reduction of Cdk5 activity was similarly observed under this cotreatment condition (Fig. 3e,f ) , demonstrating that S-nitrosylation of Cdk5 at Cys83 directly inhibits its kinase activity. . HEK 293T cells were transfected with Cdk5-WT or Cdk5-Cys83A mutant, and the lysate was then exposed to GSNO. After the reaction, the protein was incubated with the cell lysate of HEK 293T cells expressing p35. Cdk5/p35 protein complex was then co-immunoprecipitated (IP) with p35 antibody. b, Recombinant Cdk5/p35 protein complex was preincubated with GSNO or GSH at RT for 30 min and then subjected to the kinase assay using histone H1 (H1) as substrate. c, d, S-nitrosylation of Cdk5 at Cys83 suppresses Cdk5 kinase activity. S-nitrosylation specifically reduces the kinase activity of p35/Cdk5-WT but not p35/Cdk5-C83A. GST-Cdk5 (WT) or its C83A mutant recombinant proteins were incubated with p35-expressing 293T cell lysate. The p35/GST-Cdk5 protein complex was then pulled down by GSH-Sepharose beads, followed by incubation with GSNO or GSH. d, Fold change of the kinase activity of p35/Cdk5 protein complex. ***p Ͻ 0.001, Student's t test. e, f, S-nitrosylation inhibits the kinase activity of Cdk5 in neurons. Cortical neurons at 8 DIV were exposed to GSNO or GSH for 30 min in the absence or presence of MG132. Cell lysate was collected and then subjected to Cdk5 kinase assay. f, Fold change of the kinase activity of p35/Cdk5 protein complex. ***p Ͻ 0.001, **p Ͻ 0.01, Student's t test.
Cdk5 S-nitrosylation regulates dendrite development
To explore the potential physiological role of Cdk5 S-nitrosylation in neuronal development, the effect of overexpressing Cdk5 or its C83A mutant on neuronal morphology was examined. We have previously demonstrated that Cdk5 knockdown or inhibition of Cdk5 activity significantly reduces dendrite growth and branching in cultured hippocampal neurons (Fu et al., 2007) . In the present study, Cdk5-WT or its cysteine mutants was coexpressed with GFP construct in hippocampal neurons, and the dendrite morphology was examined (Fig. 4a) . Compared with the neurons that overexpressed Cdk5-WT, neurons expressing C83A mutant exhibited enhanced dendrite growth, as shown by Sholl analysis (Fig. 4a,b) . Quantitative analysis revealed that the total dendritic length and branching points significantly increased in neurons that overexpressed Cdk5-C83A mutant (Fig. 4c,d ). These findings suggest that S-nitrosylation of Cdk5 regulates dendrite development, at least in part by modifying the kinase activity of Cdk5.
Discussion
Extensive studies have demonstrated the important roles of Cdk5 in neurons during development as well as under pathological conditions. Whereas precise control of Cdk5 activity is required for proper neuronal functions, the molecular mechanisms governing its regulation remain elusive. In this study, we identify S-nitrosylation as a novel post-translational regulatory mechanism controlling the kinase activity of Cdk5. S-nitrosylation of Cdk5 at Cys83 results in an inhibition of Cdk5 activity. Importantly, we provide evidence that such S-nitrosylation of Cdk5 regulates dendrite growth and arborization of neurons, implicating a potential physiological role of S-nitrosylated Cdk5. Given the significance of Cdk5 in virtually every aspect of neuronal development and functioning, our findings have opened up a new venue in exploring the pivotal role of S-nitrosylation in regulating the activity of this multifaceted kinase. It will also be of great interest to elucidate the upstream stimuli that modulates Cdk5 activity through S-nitrosylation in the developing or mature CNS.
S-nitrosylation of the target protein at the cysteine residue is known to be facilitated by the flanking acidic and basic residues (Stamler et al., 1997) . Interestingly, the Cys83 residue on Cdk5 together with its adjacent residues (Phe-Cys-Asp; FCD) (Fig. 2a) best fits the consensus motif of S-nitrosylation. This sequence motif is conserved in Cdk5 among different species (human, rat, mouse and Xenopus), but not in other members of the Cdk family, suggesting that the regulation of Cdk5 by S-nitrosylation is specific. Interestingly, Cys83 is one of the critical amino acid residues that form the ATP-binding pocket of Cdk5 (Zhang et al., 2002) and is essential for Cdk5 to form a hydrogen bond with its specific inhibitor roscovitine (Mapelli et al., 2005; Otyepka et al., 2006) . It is tempting to speculate that S-nitrosylation of Cys83 may perturb the binding of ATP to the kinase, thereby resulting in an inhibition of the Cdk5 kinase activity.
Cdk5 activity has been implicated in the regulation of dendrite growth and spine development, through modulating the cytoskeletal dynamics (Cheung and Ip, 2007) . For example, Cdk5 knockdown or inhibition of Cdk5 activity significantly reduces dendrite growth and branching in cultured hippocampal neurons (Fu et al., 2007) , and conditional knockout of Cdk5 in mouse cortex results in impaired dendrite development, which is associated with reduced expression of a microtubule-associated protein MAP2 (Ohshima et al., 2007) . Since perturbing the S-nitrosylation of Cdk5 enhances dendrite growth and branching in hippocampal neurons (Fig. 4) , our findings reveal a new Cdk5-dependent regulatory mechanism, further supporting the notion that precise regulation of Cdk5 activity is critical for dendrite development. It is noteworthy that NO signaling has been implicated in regulating the growth of axons and dendrites. For example, S-nitrosylation of histone deacetylase 2 promotes dendrite growth, whereas S-nitrosylation of light chain of microtubuleassociated protein 1B leads to retraction of neurites/axons (Stroissnigg et al., 2007; Nott et al., 2008) . It is tempting to speculate that S-nitrosylation of Cdk5 and the subsequent reduction of its kinase activity might be specifically induced by extracellular stimuli that trigger dendrite retraction. Studies are in progress to explore the upstream regulators involved in modulating the S-nitrosylation of Cdk5 and its activity in vivo. In addition to regulation dendrite development, precise control of Cdk5 activity is also critically involved in other physiological functions, such as synapse formation and plasticity. In this regard, it is noteworthy that excitatory glutamatergic neurotransmission reduces Cdk5 activity through enhancing the proteasome-dependent degradation of p35 (Wei et al., 2005) . Interestingly, glutamate stimulation of neurons is able to trigger neuronal nitric oxide synthase activation, and results in protein S-nitrosylation (Bredt and Snyder, 1994; Song et al., 2008) , making glutamate a likely candidate that can inhibit Cdk5 activity through S-nitrosylation. Thus, it is possible that S-nitrosylation of Cdk5 also contributes, at least in part, to the reduced kinase activity upon glutamate-induced NMDA receptor activation. It will be of great interest to study whether S-nitrosylation of Cdk5 plays a regulatory role in glutamate-dependent synaptic plasticity.
